Electrocoagulation is a promising technique for the treatment of wastewater like the produced by the textile industry, which generates large volumes of water containing dyes. Thus, synthetic samples of the textile dye acid black 194 (AB194, CI 22910) were treated by this method using iron anodes at two different initial pH values. Tafel studies in the presence and absence of the dye were performed.
introduction
Several methods are available for the removal of dyes from wastewater, such as adsorption 1, 2 (e.g. activated carbons, silica, biosorbents), membrane separation 3, 4 (e.g., microfiltration ultrafiltration, nanofiltration), precipitation 5 , photo degradation [6] [7] , biodegradation 8, 9 , coagulation and electrocoagulation [10] [11] [12] [13] [14] [15] .
The electrocoagulation method (EC) is a simple and efficient electrochemical
technique where an applied potential between two electrodes produces metal ions from the electrode material (sacrifice anode), forming coagulants in the wastewater, which eliminate the inorganic and/or organic matters dissolved or in suspension in the wastewater. Usually, the material used as an anode in EC corresponds to iron 16-,17,18 or aluminum 19-,20,21 , whose oxidation equations are shown in (1) and (2):
Fe → Fe 2+ + 2e -(E 0 = -0.44 V vs. SHE) 22 (1) Al → Al 3+ + 3e -(E 0 = 1.66 V vs. SHE) 22 (2)
These metal ions of iron or aluminum anodes produce insoluble Fe(OH) 3 and Al(OH) 3 flocs, which are pH dependent [23] [24] [25] , which remove dissolved inorganic and organic compounds by surface complexation or electrostatic attraction.
Moreover, at the cathode, hydrogen is simultaneously generated due to reduced water (3) . The hydrogen gas would also help to float the flocculated particles out of the water, favoring the separation of the contaminants 26 .
EC differs from conventional chemical coagulation in that the addition of coagulants to the system is not required, thus the possibility of secondary pollution by the addition of chemical substances at high concentrations is avoided. In addition, there is also a more rapid and effective separation of organic compounds from the solution compared to coagulation and the operating costs are lower compared to conventional techniques 27 . In the literature, we have witnessed the application of this method to real cases such as catering water for the removal of colloidal matter; oil in water emulsions from restaurants; and urban, agro-industrial and textile industry wastewater with a high content of organic pollutants and suspended solids 28, 29 . Iron electrodes present two mechanisms that explain the in situ formation of two possible coagulants (Fe(OH) 2 and Fe(OH) 3 ). 
Besides, the protons produced in equation (6) can be directly reduced to H 2 gas at the cathode (7):
It is known that the species of Fe(OH) 3 predominate at high concentrations in a wide range of pH> 1.0, while Fe(OH) 2 is found in high concentrations in the lower range, pH> 5.5 30 . Furthermore, these species can be found in equilibrium with mono or polymeric species.
Acid black 194 31 (AB194, CI 22910) is one of the textile dyes reported by the Chilean textile industry. The fact of its attachment to the fibers being through hydrophobic interactions instead of electrostatic ion-ion interactions between dye anions and protonated amino groups of fibers contribute to its strong affinity dye-substrate. AB194 is considered an azo dye, because its structure has a double bond N=N (Table 1 ) acting as chromophore in the molecule. Also, this dye has a central metal ion corresponding to Cr (III) which gives it the property to cause chronic toxicity, it is mutagenic and carcinogenic; therefore, it should be removed from the water after the dyeing process. This paper reports the EC treatment of 1.0 L of AB194 solutions carried out at constant current using a monopolar electrolytic cell with an iron cathode and anode, since this metal is one of the most abundant metals in the Earth's crust. Polarization curves were performed with and without AB194 in the solution. Applied current density, initial pH, and dye concentration on the rates of decolorization, chemical oxygen demand (COD) decay, and total organic carbon (TOC) abatement were studied to establish optimum conditions for the process. During the experiments, the solution was stirred vigorously with a magnetic stirrer. The electrodes were 99.9% purity iron plates, purchased from Maquimetal Ltda. The total effective electrode area was 128 cm 2 and the interelectrode gap was 2 cm. Prior to the electrolysis, the electrodes (anode and cathode) were prepared by first cleaning them with acetone, then with 500 mL of 1.3 M HCl solution, and finally with distilled water to remove surface grease and impurities present on the electrode's surface. At the end of the electrolysis, the electrodes were rinsed thoroughly with distilled water to remove all solid residues from the surface and then they were dried and weighed. All the electrocoagulation experiments were performed at constant current using an EHQ Power model PS3010 power supply, which also displayed the cell voltage.
ExpErimEntal mEthods

Apparatus and analytical procedures
The solution pH was measured with a pH/ORP model HI 8424. The decolorization of AB194 solutions was monitored from the absorbance (A) decrease at the maximum visible wavelength (λmax) of 574 nm, measured from the spectra recorded on an Agilent model 8453 spectrophotometer. The elimination of dye AB194 was monitored from the decay of their TOC determined on a Select Elementar model Vario TOC; from decay of their COD, which was determined on a digester HANNA model HI 839800 and a photometer HANNA model HI 83099; and also from the decay of turbidity determined on a portable turbidimeter HANNA model HI 98703. All samples were filtered through membranes with micropores of 0.45 µm JET Biofil to remove particles precipitated before each analysis.
For a better analysis of the viability of the EC treatment, the energy consumption per unit TOC mass (EC TOC ), per unit volume (EC) and per electrode mass (EC anode ) were calculated from Eq (8), (9) and (10) 
3.
rEsults and discussion
Effect of current density on the removal of AB194
Current density is an important parameter that controls the rate of the electrochemical and chemical reactions that occur in a solution. As the literature reports, the production rate of a coagulant at the anode and growth of bubbles of H 2 at the cathode depend on the applied current density 28, 33 . Hence, both phenomena favor the growth of the flocs and AB194 dye elimination from solutions. The EC of dye was performed using different current densities (0.5, 2.5, 5.0 and 10.0 mA cm -2 ) . Figure 1a and b shows the absorbance decays (At/ A 0 ) of dye (λ max = 574 nm) at different times. It may be seen a discolorization of the solution dependent on the applied current density at both initial pHs studied. At pH 4.0 (Fig. 1a) a complete discolorization of the solution within 30 minutes of electrolysis is reached using the higher current density (10.0 mA cm -2 ), while with 5.0 mA cm -2 , a total discolorization is achieved at 60 minutes. When applying current density of 2.5 and 0.5 mA cm -2 , the total removal of the dye in 60 minutes of electrolysis is not achieved. When the initial pH is 8.5 (Fig 1b) , there is also a dependence on the discoloration of the solution with respect to the applied current density, since at 30 minutes of electrolysis, total color removal is achieved using 10.0 mA cm -2 . With 5.0 mA cm -2 , the solution is completely decolorized at 40 minutes. However, applying low current densities (2.5 and 0.5 mA cm -2 ) at pH 8.5, it is not possible to achieve the complete removal of the dye before 60 minutes of electrolysis. According to these analyzes, the most effective current density was 5.0 mA cm -2 applied to solutions of initial pH 8.5, because after 40 minutes they reached about 90% discolorization solution.
Where E cell is the average cell voltage (V), I is the applied current (A), t is the electrolysistime (h), V s is the volume of the treated solution (L), Δm anode corresponds to the mass of the anode (g) and (ΔTOC) exp to the variation of the experimental values of TOC. , (▲) 10 mA cm -2 .
Polarization curves using iron electrodes as working electrodes in the absence and presence of AB194 dye in the supporting electrolyte of NaCl, at initial pH of 4.0 and 8.5, were carried out (Figure 2 ). The Tafel extrapolation method was used to obtain the potentials and corrosion currents. In the absence of dye, at pH 4.0, the E corr = -600 mV whereas at pH 8.5 E corr = -470 mV. , that is, at pH 4.0, iron corrosion is favored in 130 mV in comparison when the pH of the solution is 8.5. Due to the metal passivation that occurred between -780 and -560 mV, at both pH, the corrosion current increased in 0.19 mA when the pH of the solution was 8.5. When the dye is added to the solution, iron oxidation is favored at both pH, with similar corrosion currents. On the other hand, the pH variation of the solution was studied over time electrolysis by applying different current densities at different initial pH. Figure  3a shows that, starting with an initial pH 4.0, increased pH is observed for all existing applied current densities during the first hour of electrolysis. At times greater than 30 minutes, the pH of the solution reaches a substantially constant value until the end of the experiment. It is also observed that the pH of the solution depends directly on the current applied, where the higher the applied current density, the higher the pH value reached in the solution.
A different behavior was observed in the electrolysis carried out with an initial pH of 8.5 using the same range of current densities (Figure 3b ). When a current density of 0.5 mA cm -2 is applied, a decrease in pH, which reaches a value close to 6.0, is observed during the course of the electrolysis, while with current densities between 2.5 to 10.0 mA cm -2 , there is an increase in the pH of the solution during the first 20 minutes of electrolysis, which then remains constant until the end of the experiment. Moreover, current densities of 5.0 and 10.0 mA cm -2 achieve the same pH value (10 -10.2), implying that the pH of the solution becomes independent of the current applied under these experimental conditions, as it reached a current limit. These results explain de behavior observed in Figure 1 , whereas higher removal of the dye is obtained at initial pH 8.5, but the corrosion potential obtained at pH 4.0 is lower than at pH 8.5 ( Figure 2 ). It is known that, at pH >6.0, the concentration of Fe(OH) 3 , from the Fe sacrificial anodes, is 1000 times greater than acidic pH [16] [17] [18] . In Figure 3b as above mentioned, a decrease in initial pH was observed at a current density of 0.5 mA cm -2 , because most of the hydroxyl ions that are generated at the cathode participate in the formation of the coagulant Fe(OH) 2 by reaction (5), thus decreasing the OH -concentration in the solution. The above explained is directly related to the current applied, since by increasing the current density greater potential difference is generated, which is independent of the initial pH, allowing the electrogeneration of a greater amount of Fe 2+ ions at the anode and hydroxide ions at the cathode, producing several reactions in solution (reactions 5 and 6).
In the same direction, the concentration of iron species generated in solution is strongly related to the pH and the applied current, since electrochemical rate generation of species is lower at lower currents. This causes a low pH value and a lower potential difference that may not be sufficient to generate a large amount of iron species to form the flocs and remove the dye from the solution.
Iron dissolution from the anode was evaluated (m exp ) during electrolysis. The referred amount of released iron anode was measured and compared with the theoretically calculated amount that is expected to be dissolved, using Faraday's law. Figure 4a ) was calculated using Faraday's law, assuming completely used electrical energy provided only to oxidize Fe to Fe 2+ . According to Faraday's law, the electric charge "q" is calculated from the following equation: (10) (11) Next, the theoretical amount of dissolved iron is given by the following equation: (12) During electrolysis, the current density is constant; therefore the electric charge (q) and the specific electric charge (Q) are defined, respectively, by the following equations:
); i is the intensity of the current (A), t is the electrolysis time (s), M is molecular mass (M = 55,845 g mol -1 ); F is the Faraday constant (96487 C mol -1 ), v is the volume of the solution (1 L), and Q is the specific electric load (A h L -1 ). As seen in both Figures 4a and 4b , the theoretical and experimental concentration of iron increases according to the amount of specific electrical charge that joined the system every 60 minutes. However, at both initial pH, the measurement of iron concentration correlates well with the theoretical concentration, as experimentally obtained values are very similar to the theoretical ones. TOC decay was measured after 60 minutes of electrolysis, as shown in Table 3 . These results show that higher TOC decay values are obtained by increasing the applied current density, and that up to 75% of TOC removal applying current densities are higher than 5.0 mA cm -2 . These results confirm those obtained in Figure 3 , where for both pH, at lower applied current densities, a lower percentage of TOC removal is obtained and therefore there is lower color removal from the solution.
The total cost of the process according to the anode mass released by the current applied to the system (Table 4) , per cubic meter of volume treated (Table 5 ) and per unit of TOC consumed (Table 6 ), were calculated. According to this data, it is observed that as the current density increases, so does the energy consumed in each of the evaluated processes, which leads to increased operating costs. Furthermore, in dye electrocoagulation, applying 5.0 mA cm -2 , kilogram of mass of iron electrode detached (Table 4) costs less than US$1, regardless the pH of the solution. Similar costs are obtained under these experimental conditions, for example, the cost of the process to EC 1 m 3 of solution (Table 5 ) corresponds to a low cost if projected at an industrial level. Finally, it is possible to observe, under these same conditions, that the cost of the process per kilogram of dye removed by TOC (Table 6 ) is close to US$6. Thus, optimum removal of acid black 194 dye, under our experimental conditions, is obtained by working at an initial pH of 8.5 applying a current density of 5.0 mA cm -2 , in the presence of 3000 mg L -1 of supporting electrolyte (NaCl) for a dye concentration of 336 mg L -1 , which corresponds to 100 mg L -1 of TOC ( Figure 5) . Therefore, the chemical oxygen demand, TOC decay and turbidity during 60 minutes of electrolysis, were finally evaluated as elimination patterns under the experimental conditions stated above. Seventy four percent of COD elimination, 76% of TOC removal and 83% of removal turbidity are obtained. Also, during the first 20 minutes of electrolysis, there is an increase in turbidity due to the iron monomeric species formed during electrocoagulation, which has a yellow coloration acquired by the ion Fe 3+ and also exists in fine particles in the Fe(OH) 3 species, that is difficult to dissolve. It is important to note that the solution was completely decolorized within 30 minutes of electrolysis and that reached values of 0 UA. 
conclusions
Using a static cell, it was possible to carry out the electrocoagulation of the textile dye acid black 194. The elimination of the dye using iron electrodes was effective by applying high current densities (5.0 and 10.0 mA cm -2 ), reaching a total discolorization in less than 60 minutes and a total organic carbon decay over 75%. Subsequently, it was possible to establish that the best experimental conditions of pH and current density are 8.5 and 5 mA cm -2 , respectively. Parameters such as turbidity, conductivity and absorbance, reaching values of 2.53 NTU, 5.78 mS cm -1 and 0 UA, respectively, were also assessed. Finally, in terms of operational costs, using EC for AB194 is an important alternative for treatment in the textile industry, because this method does not involve significant economic costs.
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